A novel method of differential optical absorption spectroscopy ͑DOAS͒ is proposed and demonstrated to monitor the concentration of atmospheric pollutant gas. In contrast to conventional DOAS measurements with continuous light sources, the present method relies on white flashlights such as aviation obstruction lights that are generally installed on tall constructions. A simple detection system is devised by means of a telescope and a compact CCD spectrometer. A path length of 5.5 km allows us to measure atmospheric NO 2 concentration with a detection limit of approximately 1 part per billion. We also discuss the possibility of deriving the aerosol optical thickness through the horizontal atmosphere from this pulsed DOAS measurement.
Introduction
In the monitoring of atmospheric pollutant species such as NO 2 , NO, SO 2 , and O 3 , conventional point measurements at ground sampling sites lead to concentrations for local environments. It is also valuable to obtain additional information of regional concentrations measured over a certain distance, e.g., several hundred meters to several kilometers. In this context, we carried out differential absorption lidar measurements of atmospheric NO 2 and NO. 1, 2 Distributions of these molecules were investigated in the lower troposphere, yielding the information within several hundred meters from the observation site. Recently, we have also demonstrated the capability of a solar radiation spectrometer in monitoring the column amount of NO 2 through the troposphere. 3, 4 In comparison with these approaches, differential optical absorption spectroscopy ͑DOAS͒ in the visible and near-UV region is more suitable to monitor horizontally averaged concentrations of pollutants. [5] [6] [7] [8] In the conventional long-path DOAS method, a continuously emitting light source is employed, and the source ͑or occasionally a retroreflector͒ is placed at a certain distance from the observation site.
Then the combination of a monochromator and a detector such as a photomultiplier, photodiode arrays, or a charge-coupled device ͑CCD͒ serves to spectrally analyze the transmitted light. In the present paper we report a novel DOAS spectrometer based on a white flashlight source and a compact CCD spectrometer. The motivation of this study is to utilize white flashlights ͑obstruction lights͒ installed on tall constructions such as towers, bridges, and stacks for the DOAS measurement. Such white flashlights are widely used for the safety of aviation traffic in many countries. In Japan, it is mandatory for tall constructions ͑higher than 60 m͒ to operate highly illuminant ͑more than 2 ϫ 10 6 cd͒ white flashlights during the daytime that are detectable in every direction from several kilometers away. Normally, xenon lamps are used for this purpose, giving a strobe emission every 1.5 s. Compared with the conventional DOAS measurements, the advantage of the present scheme is evident; if one can find an appropriate obstruction light, as is the case in cities or industrial areas, the DOAS measurement can be carried out without bothering to prepare light sources. After transmission in the atmosphere, the spectral analysis is easily attained by use of a commercially available CCD spectrometer, which enables us to measure the spectrum of the pulsed signal.
Additional advantages associated with the present pulsed DOAS are as follows. First, the background from the sky radiation is easily subtracted because the spectra with and without the strobe flash are distinguished straightforwardly from the difference in the observed intensity. Second, simultaneous observation of several trace gas species is feasible if the relevant spectral features fall within the considered wavelength interval of the lamp and the CCD. Third, when the spectral intensity of the flashlight is known at the strobe site, the transmitted spectra bring about the information on the aerosol extinction along the optical path.
Here we remark about the difference in the retrieval of NO 2 and aerosol column amounts ͑optical thickness͒ from the DOAS spectra. In the conventional approach of DOAS, the analysis can be carried out even when the precise spectrum of the light source is not readily available, as in the case of skylight measurements. For such situations, spectra taken under presumably clear conditions are employed as references. The same approach can also be applied to the present scheme of the pulsed DOAS for NO 2 retrieval ͑Subsection 3.A͒, which is based on the analysis of the rapidly varying part of the spectrum. In the case of aerosol measurement, on the other hand, aerosol extinction varies much more slowly with the wavelength. Our present algorithm deals with both the slowly and the rapidly varying features simultaneously ͑Subsection 3.B͒.
There are a few shortcomings of the present method. First, it is often impossible to carry out the measurement at nighttime because of the regulation imposed on the operation of obstruction lights. ͑At nighttime, slowly blinking red lights are used instead͒. Second, although both the lamp and the detector characteristics allow us to use the UV region with a wavelength longer than 200 nm, measurements within the 200 -300-nm wavelength interval are difficult because of strong absorption by the glass windows at the lamp source and observation sites. Third, if the light transmission takes place at altitudes higher than the mixed boundary layer the measured ͑average͒ concentration tends to be smaller than the value in the mixed boundary layer ͑Subsec-tion 4.D͒. These problems, however, are considered to be tractable from a technical viewpoint. Figure 1 shows a schematic of the experimental setup. An astronomical telescope ͑Meade, DS-115͒, with an aperture diameter of 115 mm and a focal length of 910 mm, is employed to focus the image of a point light source located at a far distance. The image is formed near the eyepiece location ͑the eyepiece itself is removed from the telescope͒ where the entrance slit ͑1 mm high and 5 m wide͒ of a CCD spectrometer ͑Ocean Optics, USB2000͒ is placed. The CCD consists of 2048 elements and is sensitive in a wavelength range of 200 -800 nm, resulting in an average resolution of 0.3 nm͞pixel. This CCD spectrometer is composed of a fixed grating and a linear CCD array with a mechanically stable, crossed Czerny-Turner design. No moving parts are incorporated, resulting in high reliability and compactness ͑89 mm wide ϫ 63 mm deep ϫ 34 mm high͒. The CCD gate duration is set at 300 ms in the experiment. Between successive gatings, there exists a time lag of 7 ms, in which each spectral data is sent to a PC through the universal serial bus. As explained in Subsection 4.A, data acquisition can be attained successfully even when no trigger ͑synchronous with the flashlight͒ is applied to the CCD spectrometer.
Experiment
The detector setup is situated in our laboratory at an elevation of 31 m. The telescope is placed on top of a standard tripod, and no particular consideration is given to the pointing stability of the system. In regard to the precision required to set the slit position, a test was conducted in which the detector position was shifted horizontally ͑across the slit width͒; it turned out that a shift of approximately 0.3 mm caused a 90% reduction of the recorded flashlight intensity. Once the system is aligned properly, it can be operated for a few days without any readjustment.
For the measurement, we make use of a xenon strobe ͑Sanken, FX-7͒ as a light source installed at the top of a 130-m-tall stack at a municipal incinerator, 5.5 km from our laboratory. Four lamps are equipped at the same height, each covering a horizontal range of 120 deg with a daylight intensity of approximately 300 W͞sr. All the lamps flash for approximately 0.5 ms every 1.5 s ͑40 flashes a min, in accordance with the regulation͒ in a synchronous manner. Although two lamps are visible from our detector location, we carried out all the measurements by choosing the image with a stronger intensity. Because several highways run between the light source and our laboratory, the resulting NO 2 concentration is considered to be significantly influenced by the vehicle exhaust of the highway traffic. The data from nearby ground stations ͑operated by the municipal environmental department and available on the Internet͒ are compared with the present result ͑Subsection 4.D͒. Because the gate of the CCD detector is opened for 300 ms, it is expected that on the average the flash event should be observed once in every five data acquisitions. We automatically achieved the discrimination of data with and without the flash event by comparing the light intensity integrated over a wavelength region of 400 -450 nm, used for the present NO 2 detection. The spectral intensity observed without the flash event represents the background radiation that is due to the sky radiance behind the stack image. The spectral difference between the flash and the no-flash events exhibits the net strobe intensity after the 5.5-km transmission in the urban atmosphere.
A total of 500 events, including both the flash and the no-flash cases, are averaged for approximately 2.5 min before the net intensity is calculated ͑another 2.5 min is reserved for the PC data processing͒. The observed intensity is relatively stable for the no-flash events because the average time span of 2.5 min is much shorter than the time scale of diurnal variation of the skylight. On the contrary, the intensity of the flash events scatters to some extent after the transmission distance of 5.5 km. Because the flashlight intensity itself is observed to be relatively stable ͑within Ϯ2%͒ with the same setup, it is unlikely that this intensity variation is caused by the shot-to-shot instability of the light source or that the spectrometer performance leads to the intensity fluctuation. Thus the most plausible origin of the intensity fluctuation is the effect of atmospheric turbulence along the optical path. As explained in Subsection 4.A, the diurnal variation of the intensity fluctuation also supports this interpretation.
Roscoe et al. 9 studied the effect of spectral undersampling on NO 2 measurements. They found that significant reduction of NO 2 concentration could appear if the resolution was larger than ϳ1.0-nm full width at half-maximum. Because the present resolution of the CCD spectrometer is 0.3 nm, such undersampling does not significantly affect the NO 2 retrieval.
Calculation of NO 2 Concentration

A. Conventional Approach
In the DOAS analysis, usually a narrow spectral range is chosen, and the technique of spectral matching is employed to derive the concentration of the molecular species under investigation. 3, 10 The rapidly varying part of the DOAS spectrum is extracted and compared with the absorption cross-sectional data.
For that purpose, the observed spectrum is first divided by the intermediary reference spectrum, observed under relatively clean air conditions. Then an appropriately chosen linear function of the wavelength ͑constant ϩ slope ϫ , where is the wavelength͒ is subtracted from the logarithm of the divided spectrum. Finally, the relevant concentration is determined when we match the peak-to-peak intensity variations between the resulting spectrum and the cross-sectional data.
Results of the present pulsed DOAS measurement can also be analyzed with a similar procedure. For the wavelength region, we choose a region of 400 -450 nm, which is wider than the region of 430 -450 nm that is usually employed for NO 2 measurements. 3, 4 The reason for this choice is that, by exploiting the wide spectral response of the spectrometer system, simultaneous measurement of the aerosol effect on the light transmission becomes feasible ͑Subsection 3.B͒. The NO 2 transmittance is expressed by means of the Lambert-Beer law as
where ͑͒, N, and l stand for the absorption cross section of NO 2 , number density, and optical path length, respectively. The absorption cross section of NO 2 used in the present analysis was measured by Vandaele et al. 11 in a laboratory experiment under room temperature.
B. NO 2 and Aerosol Retrieval
Here we describe the algorithm developed for the retrieval of both the NO 2 concentration and the aerosol optical thickness. After the background subtraction, the observed light intensity I obs ͑͒ can be expressed as
Here k is an empirically determined coefficient, I 0 ͑͒ is the spectrum of the light source observed at a location close to the light source, T m ͑͒ ϭ exp͓Ϫ m ͔͑͒ is the transmittance of air molecules ͑Rayleigh scattering͒ ͓ m ͑͒ is the molecular optical thickness͔, T a ͑͒ ϭ exp͓Ϫ a ͔͑͒ is the transmittance of aerosol particles ͑Mie scattering͒ ͓ a ͑͒ is the aerosol optical thickness͔, and T NO 2 ͑͒ is the transmittance representing the NO 2 absorption. The source spectrum I 0 ͑͒ is shown in Fig. 2 . This spectrum ͑reference spectrum͒ was observed on 6
Although the DOAS spectra were taken with a flashlight installed at the top of the stack, lamp types are identical for the top and middle flashlights. The inset in Fig. 2 shows the reference spectrum in a wavelength range of 400 -450 nm. This range was chosen in the present analysis because of the relatively large absorption of NO 2 and the reasonable intensity in the reference spectrum.
In the present algorithm involving both the NO 2 and the aerosol retrieval, we first correct the observed spectrum I obs ͑͒ for the first three factors on the right-hand side of Eq. ͑2͒:
On the right-hand side of Eq. ͑3͒, the empirical coefficient k takes into account the effects of ͑i͒ range correction between the reference ͑100-m͒ and the actual ͑5.5-km͒ measurements, ͑ii͒ geometric consideration on the lamp image sizes in the two measurements, and ͑iii͒ variation of the average intensity that is due to the effect of atmospheric turbulence ͑Subsection 4.A͒. Furthermore we assume T m ͑͒ ϭ exp͓Ϫ m ͔͑͒, where 12 m ͑͒ ϭ 0.00535
for an optical path of 5.5 km. Combining Eqs. ͑2͒ and ͑3͒, we obtain
where C ϭ Nl is the column amount of NO 2 . Moreover, if it is assumed that the aerosol optical thickness exhibits wavelength dependence as given by the Angstrom exponent, 13 we obtain
Removing the slowly varying contribution from Eq. ͑6͒, and applying the spectral matching to the rapidly varying part with the laboratory cross-sectional data, we obtain the value of C. Then, substituting C into Eq. ͑6͒ leads to the value of B ϪA . In the actual data analysis, this process has to be operated in an iterative way.
Note that in the following we use concentration instead of the column amount. Throughout the present paper, we assume a constant temperature of 293 K for conversion, and an average concentration of 72.6 parts per billion ͑ppb͒ corresponds to a column amount of 1.0 ϫ 10 22 molecules͞m 2 . The analysis of the DOAS spectrum generally requires the so-called wavelength alignment procedure 8, 10 in which the interpolation is optimized among sampling points in the cross-sectional data ͑ n ͒ and those in the observed spectrum ͑ m ͒. For this wavelength alignment, we first calculate a tentative value ͑reference value͒ of the NO 2 concentration at a certain wavelength 0 . This wavelength can be chosen arbitrarily: Here we set 0 ϭ 425 nm, the middle point of the spectral range of 400 -450 nm. The resolution in the cross section ͑0.017 nm͒ is much higher than the resolution in the CCD spectrometer reading ͑0.3 nm͒. Now, for each spectrometer reading m , the concentration is calculated while changing the corresponding n in a plausible range of Ϯ 0.3 nm ͑approximately 35 values͒. Then C͑ n ͒ is determined as the closest value to C͑ 0 ͒. This leads to a standard deviation for the whole spectral range for this particular choice of 0 . By repeating this procedure while changing 0 in a range of 425.0 Ϯ 0.3 nm, we can find a best case in which the resulting standard deviation takes a minimum value.
Results and Discussion
A. Light Intensity Variation
The light intensity variation is shown in Fig. 3. Figure 3͑a͒ is an example of the measurement at the foot of the stack and Fig. 3 ͑b͒ that of the measurement at our laboratory, 5.5 km from the stack. For both cases, 500 data points measured in 2.5 min are plotted, each point representing the observed intensity integrated in the wavelength range between 400 and 450 nm. In the ordinate, the intensity unit 1 corresponds to 86 photons, according to the specification of the CCD spectrometer. Measurements at the stack site ͑light source͒ were undertaken between 4 and 8 February 2002. In Fig. 3͑a͒ , the data points around the intensity of 0.5 ϫ 10 5 represent the background intensity that is due to skylight reflected from the stack structure including the flashlight housing, whereas those larger than approximately 2.7 ϫ 10 5 correspond to the flash events. The number of points is 102 and 398 for the flash and background events, respectively. Thus the flash event is actually observed once in every five data acquisitions. As can be seen from Fig. 3͑a͒ , the variation in the emission intensity was only Ϯ2%. Thus we note the following two important aspects of the present pulsed DOAS measurement: First, the shot-to-shot variation of the light intensity is of the order of Ϯ2%, and second, the CCD spectrometer with the gate width of 300 ms is capable of detecting most of the 0.5-ms light pulses even without an auxiliary trigger signal synchronized with the flashing strobe. It is noted that, because the duty of the spectrometer is 97.7% ͑ϭ 300 ms͞307 ms͒, there is a 2.3% probability of missing the flashing strobe. This, however, appears as the slight increase in the number of no-flash events, not as the instability in the observed intensity. Figure 3͑b͒ shows that, at a distance of 5.5 km, the intensity of the detected light scatters to a considerable degree. The above consideration on the stability of the source intensity strongly suggests that intensity fluctuation of the flash events in Fig. 3͑b͒ arises from the effect of atmospheric transmission. If we assume that the standard spherical wave theory 14 under the log-normal regime ͑weak turbulence͒ is applicable, we obtain a value of the refractive-index structure parameter of C n 2 ϭ 1.5 ϫ 10 Ϫ16 m
Ϫ2͞3
. This result is consistent with a value of the order of 10 Ϫ16 m
, expected from a convective model 15 at the height of the present light transmission ͑ϳ100 m͒. Typically, in our measurement, C n 2 varies in a range of 0.5 ϫ 10 Ϫ16 -2.5 ϫ 10 Ϫ16 m
, usually exhibiting a maximum at around noon and smaller values in the morning and evening, as expected from the diurnal variation of the atmospheric temperature. Such a diurnal variation supports the interpretation that the intensity fluctuation is caused by the atmospheric transmission.
B. Conventional Spectral Matching
In this subsection we describe the result of the conventional retrieval method explained in Subsection 3.A. It is emphasized that, because this approach is based on the intermediate reference spectrum taken on a clean day, no information is required with regard to the source spectrum I 0 ͑͒. An example of this approach is shown in Fig. 4 . In this case, we employ the DOAS spectrum on 24 January 2003 ͓12:00 -12:03 Japan Standard Time ͑JST͔͒ as the clear-day spectrum. Then a spectrum observed on 22 January 2003 ͑16:05-16:08 JST͒ is divided by the clear-day spectrum, and the spectral matching procedure is applied to the resultant spectrum to determine the difference in the NO 2 concentration between the two data spectra. Figure 4͑a͒ shows I obs ͑͒ for the two data spectrums compared in the analysis. The difference in the bias level between the two spectra is ascribed mainly to the difference in the aerosol optical thickness ͑⌬ a ϳ1.0͒. Figure 4͑b͒ shows the result of the spectral matching, where the cross-sectional data are presented with the original resolution of 0.017 nm. By applying the wavelength alignment procedure, we obtain the difference in NO 2 concentration of 26.1 ppb ͑as converted from the column amount of 3. , and k ϭ 1.2. The residual spectrum Fig. 5͑c͒ indicates that the standard deviation of the spectral matching is 0.9 ppb. This value is obtained with the inclusion of the wavelength alignment procedure mentioned in Subsection 3.C: When this procedure was not applied, the resulting standard deviation was 2.2 ppb.
D. Diurnal Variation of NO 2 Concentration
Several examples of the diurnal change of NO 2 concentration are shown in Fig. 6 from the data observed on six days between January and July 2002. A reasonable correlation is found between the result of the long-path measurement ͑solid curve͒ and the data from a ground station below the optical path ͑squares͒. The first three panels, Figs. 6͑a͒-6͑c͒, are from the January data. In these panels, the longpath results exhibit a smaller concentration in the morning. In the afternoon, the differences between these two types of measurement become less than 10 ppb. Such a diurnal behavior has often been observed for the data in the winter. A plausible explanation is that accumulation of NO 2 during the cold winter night leads to a high concentration near the ground level in the morning, whereas in the afternoon, atmospheric convection reduces the height dependence. In other words, during the winter morning, the present height of the measurement path ͑ϳ100 m͒ might be higher than the height of the mixed boundary layer, where the ground sampling is routinely carried out.
E. Sensitivity of the Present Method
As explained above, a wavelength range of 400 -450 nm was chosen for the present analysis. Relatively large values of the absorption cross section and the xenon lamp intensity in this spectral range contribute to good accuracy. As shown in Fig. 5͑c͒ , a standard deviation of 0.9 ppb was attained. It should be noted, however, that by choosing a narrower range of 410 -420 nm, for example, the resulting standard deviation reduces to 0.5 ppb. The advantage of a wider range is that it enables one to measure not only the NO 2 concentration but also the wavelength dependence of aerosol optical thickness. In the simultaneous retrieval of NO 2 and aerosol, correlation among the parameters ͑A, B, C, and k͒ often hinders reliable evaluation of the Angstrom parameter A, especially when this parameter is smaller than unity ͑weak wavelength dependence͒. In contrast, it is usually easy to determine the parameter C because it is related to the rapidly varying component of the DOAS spectrum. It is also noted that, in the present analysis, we neglected the ͑possible͒ wavelength dependence 14 of the parameter k, describing the effect of atmospheric turbulence. Further studies are required to elucidate its effect on the retrieval of the aerosol optical thickness.
Improvement of the standard deviation was attained through the wavelength alignment, from 2.2 to 0.9 ppb ͑Subsection 4.C͒. The remaining fluctuation that can be seen in Fig. 5͑c͒ is larger than the detection limit of 0.04 ppb expected from the CCD spectrometer noise ͑caused by photon statistics͒. It is explained plausibly by the difference in the wavelength between the reference spectrum I 0 ͑͒ and the observed spectrum I obs ͑͒ because these two spectra were taken at different locations under different conditions. Another possible source of the fluctuation is the spectral variation of the xenon flashlights: The spectral feature may change with time, or spectral characteristics may be slightly different from one individual light to another. Judging from the spectral matching features for spectra taken on relatively clean days, a detection limit of 1 ppb is estimated for the present scheme of the DOAS measurement.
Conclusions
We described a novel DOAS detection method for measuring NO 2 using ubiquitous flashlight sources. Any type of blinking or rotating white lights ͑e.g., on tall buildings, bridges, lighthouses͒ can be used for this purpose. Because of the wide spectrum of the emitted light, this method can easily be extended to measure several molecular species simultaneously. It has also been pointed out that the DOAS method provides the possibility of measuring the aerosol optical thickness along the optical path.
